In the mammalian kidney the final step in the formation of a concentrated urine now is recognized to be the net extraction of water from collecting tubular fluid (1) (2) (3) . Available evidence indicates that sodium and urea, in addition to water, leave this segment of the nephron (3) (4) (5) . The forces that drive these molecules presumably are those which drive molecules across other biological membranes. They may include the chemical, electrical, and hydrostatic pressure gradients across the collecting tubular wall and active transport mechanisms in the wall. The rate at which these molecules move is governed also by the permeability characteristics of the wall.
In the intact kidney it is difficult to assess with confidence the degree to which each of these factors affects molecular movement and consequently the final concentration of the urine. Transmural gradients in vivo may change with alteration in the medullary patterns of countercurrent flow, whereas active transport mechanisms and permeability characteristics may vary in response to hormones (6) . In order to control these variables, an in vitro technique has been devised for the perfusion of collecting tubules in the isolated medullary pyramid of the rodent kidney. With this technique collecting tubular permeability can be characterized in an experimental environment *Submitted for publication January 6, 1964 ; accepted June 24, 1964. Portions of this work were presented to the Western Section Meeting and to the General Session of the National Meeting of the American Federation for Clinical Research in Carmel, Calif., on January 28, 1963 (Clin. Res. 1963, 11, 91) , and in Atlantic City, N. J., on April 28, 1963 (Clin. Res. 1963, 11, in which countercurrent forces no longer influence the movement of molecules across the collecting tubular wall. Using it, we have examined the permeability of the rat collecting tubule to urea.
Among the solutes of collecting tubular fluid, urea is one of the most prevalent (7) . During antidiuresis, as water leaves the tubule, the intraluminal concentration of urea rises. This rise would limit further water reabsorption were not the collecting tubular wall permeable to urea (3, 5, 8) . Berliner, Levinsky, Davidson, and Eden have pointed out that the trapping of urea by medullary countercurrent flows would allow the rising intraluminal concentration of urea to be balanced by an equally high interstitial concentration of urea (2) . Under such conditions urea would have no net osmotic effect across the wall and therefore would not retard water reabsorption from the tubule.
In 1959 Crawford, Doyle, and Probst presented evidence that urea actually enhances water reabsorption in the rat kidney (9) . They found that the administration of urea to rats resulted in a reduction of the animals' renal water requirement for the excretion of a given amount of nonurea solute, an observation similar to that recorded earlier by Gamble, McKhann, Butler, and Tuthill (10) . This effect of urea was maximal when the ratio of urea to nonurea solute in the urine was 0.35. The mechanism for this action of urea has not been established nor has its prevalence among mammals been ascertained. The present study, utilizing in vitro collecting tubular perfusion, was undertaken to define more precisely the role of urea in the urinary concentrating mechanism.
Methods
Observations have been made on 360 medullary pyramids taken from 180 male Wistar and Sprague-Dawley rats weighing 250 to 400 g. All rats were maintained 1968 a. c FIG. 1. ISOLATION OF THE MEDULLARY PYRAMID. Parallel cuts are made above and below the renal hilum (a). The point of the scissors next is inserted through the ureteral pelvic cavity, and cuts are made to expose the medullary pyramid (b). A final cut across the base of the papilla (c) allows it to be removed intact.
for at least 48 hours before sacrifice on tap water and Purina chow pellets ad lib. Rats with unilateral or bilateral hydronephrosis, found at sacrifice, were excluded from this study (11) . With the exceptions to be mentioned, the protocol used in these studies was as follows: Under light ether anesthesia each animal was given 5 ml per 100 g body weight of tap water through a gastric tube and then was allowed to awaken. Forty-five minutes later the rat again was lightly anesthetized, reintubated, and given an identical volume of 12% ethanol to establish permanent anesthesia and to inhibit endogenous vasopressin release (12) . Thirty minutes later the animal usually was asleep and urinating briskly. Through a ventral mid-line incision the kidneys and urinary bladder were exposed. A sample of urine was obtained by needle puncture of the bladder and was set aside for determination of osmolality by the freezing point depression technique. One renal pedicle was clamped, and the kidney was removed. (In alternate animals alternate kidneys were removed first for purpose of control.) An intravenous inj ection then was given which, in experi- Special chambers are used that allow circulation and oxygenation of the perfusate with 95% oxygen-5% carbon dioxide through an "air-jet" while protecting the papilla from air and fluid turbulence. Each chamber accommodates two papillae. Note that only the tip of the papilla is immersed in the perfusate. The base of each chamber rests in a constant temperature bath at 370 C. mental rats, consisted of 10 mU of vasopressin (Pitressin) per 100 g body weight in 0.5 ml physiological saline; control animals received saline without vasopressin. Five minutes after the injection, the second kidney was removed.
From each kidney the medullary pyramid was isolated as diagrammed in Figure 1 . The pyramid was blotted and its weight recorded. Perfusion of the collecting tubules in each pyramid was accomplished by placing the cut surface of the tissue against the occluded end of a sintered glass filter stick (made from glass tubing of 1 mm internal diameter and plugged at one end by coarse grade sintered glass). A negative pressure of 52 cm of water was applied through the filter stick to the cut surface of the tissue in order to hold the tissue in position and to enhance collecting tubular perfusion. The tip of each pyramid then was immersed in Krebs saline solution
FIG. 3. DYE-PERFUSATE IN COLLECTING TUBULES.
A papilla is shown as it appears under the dissecting microscope after 15 minutes of perfusion with dye to demonstrate the filling of linear tubules that has occurred. The insert relates the area of the photograph to the entire papilla. The lower margin of the picture approximates the depth to which the papillary tip was immersed during perfusion. (From a colored photograph using a red filter. X 60) (13) . A papilla in position and undergoing perfusion is illustrated in Figure 2 .
Visual confirmation of the selective collecting tubular filling that can be achieved in this manner was obtained by adding Evans blue dye to the perfusate in early trials with the technique. The appearance of one such papilla under the dissecting microscope after perfusion is shown in Figure 3 . The linear collecting tubules, which are filled with colored perfusate, can be seen readily. No looping structures were ever found to contain the dyed perfusate.
In the present experiments tracer amounts of either sucrose C" or urea C" were added to the perfusate in place of dye. After perfusion, each papilla was withdrawn from the perfusate, rinsed with nonradioactive Krebs solution, blotted, reweighed, and dried overnight to constant weight. Homogenization of the tissue in 10% trichloroacetic acid and centrifugation of this homogenate yielded a clear supernatant fluid which contained the isotope that had accumulated in the papilla. In addition to this specimen, samples of fluid for isotope content determinations were obtained from the perfusing medium, which was sampled at equidistant intervals in time before and after each perfusion period. (Samples of perfusate were not taken during the period of perfusion in order to avoid contamination of either the tissue or its filter stick.)
Before counting, each sample was diluted with a solution of appropriate solute content so that all specimens had identical compositions except. for their isotope content. Samples of these solutions were planchetted onto lens paper, dried, and counted in a gas flow counter1 for a minimum of 2,000 counts per sample.
In the original study 160 papillae from 80 rats were perfused for 30 minutes with a solution of 280 mOsm 'Nuclear-Chicago model D47 with a Mylar window. Nuclear-Chicago Corp., Des Plaines, Ill. per kg water. In a second study 160 papillae from 80 rats were divided into groups of ten and perfused for 15, 30, 45, or 60 minutes, again using a perfusate of 280 mOsm per kg water. In a third study 40 papillae from 20 rats were perfused for 30 minutes with a solution whose osmolality had been raised from 280 mOsm per kg water to 860 per kg water by the addition of sodium chloride.
Results
The 160 papillae of the original study were divided into four groups of 20 pairs each, based on the isotope used (sucrose C14 or urea C14) and on the injection given (saline alone or saline with vasopressin). Within each group every postinjection papilla was compared to its preinjection control, which had been taken from the same rat 5 to 10 minutes earlier and which was perfused almost concomitantly. The results of these comparisons were expressed as per cent change and were computed for papillary water content, papillary isotope content, and papillary dry weight. For each of the four groups of 20 pairs the means of these parameters were calculated and are presented, plus and minus their standard errors, in Figure 4 .
Papillary water content (Figure 4a ). The 40 papillae that were exposed in vivo to vasopressin contained an average of 24% more water than did their paired preinjection controls after perfusion (p < 0.01, with 31%o more water in the series with urea C14 and 17%o more water in the series with sucrose C14). No SE) among 20 pairs of pre-and postinjection papillae. The isotope used is indicated above the bar. The type of injection given is indicated beneath the bar with saline alone indicated by "No ADI]" (antidiuretic hormone) and saline with vasopressin indicated by "ADH." +20 0/ 4-10 T/rexi 0-X4 T77l ter content was found in papillae exposed to saline without vasopressin.
Papillary isotope content (Figure 4b ). Exposure to vasopressin and to saline was not associated with an increase in the papillary content of sucrose C14. In contrast vasopressin-exposed papillae that were perfused with urea C14 contained 28% more radioactivity than did their paired preinjection controls (p < 0.01). Greater urea C14 activity after vasopressin was found in 19 of the 20 pairs of papillae in this group. Saline-exposed papillae contained 6% more urea C14 activity, an increase not significantly different from zero. The difference between the vasopressin-exposed and the saline-exposed papillae (22%o) was significant (p < 0.05).
Papillary dry weight (Figure 4c ). There were no significant differences in the dry weights of the papillae among any of the four groups that were studied.
Variation of the perfusion period. The pertinent data from these studies are presented and analyzed in detail in the discussion to follow.
Isotonic versus hypertonic perfusate. Twenty pairs of papillae were studied with a perfusate of 860 mOsm per kg water to which tracer amounts of urea C14 were added. When papillary water and isotope contents were analyzed in this group of papillae, no significant differences were found between the pre-and postinjection members of the 20 pairs. Urea C14 content was higher in The previously recorded increases in papillary water and urea C" contents are indicated by the stippled bars, whereas the same parameters measured after perfusion with a hypertonic solution are indicated by the black bars. nine and lower in 11 postinjection papillae. Water content was not significantly greater in vasopressin-exposed papillae. These results are contrasted with those from the experiments with isotonic perfusate in Figure 5 .
Discussion
Papillae that were exposed in vivo to vasopressin with saline contained more water and more urea C14 after perfusion in vitro than did their paired preinjection controls in the initial study. The observation that injections of saline without vasopressin did not produce similar changes indicated that the observed differences in papillary water and urea C14 contents were attributable to an effect of vasopressin and not to some unrecognized variable in the experimental technique.
Effect of vasopressin on urea movemnent out of the collecting tubule. Several alternative explanations were considered to account for a greater content of urea C14 in the vasopressin-exposed papillae of the initial study: 1) increased collecting tubule volume, 2) expansion of the water space outside the collecting tubular lumen, 3) increased binding of urea in the medullary interstitium, and 4) enhanced movement of urea molecules through the collecting tubular wall.
Ginetzinsky (14) and Stolarczyk and Manitius (15) have described shrunken collecting tubular cells and dilated collecting tubular lumina in the antidiuretic rat. To assess the extent to which dilatation of collecting tubules might have contributed to a greater papillary content of urea C14, the intraluminal water space was estimated with sucrose C14, a molecule to which the collecting tubular wall is relatively impermeable (16) . In contrast to urea C14, the papillary content of sucrose C14 was not altered by exposure to vasopressin. From this observation it was concluded that collecting tubular dilatation was not responsible for the increased papillary content of urea after vasopressin.
The second possibility was that vasopressin, by increasing the volume of extraluminal water, provided a larger compartment into which urea could pass, thereby increasing the volume of distribution of urea. From the data it seemed likely that papillary water had increased in a region of the papilla into which sucrose C14 could not pass, since papillary water content was higher after vasopressin while the sucrose C14 content was unchanged. It was assumed that this region lay beyond the collecting tubule lumen, and it was designated the "nonsucrose" space. Presumably it contains cells, capillaries, lymphatics, and the interstitium. If, after 30 minutes of perfusion, urea C14 were to reach equilibrium in the water of this space whether or not vasopressin were present, any increase in the water content of this space would provide a larger volume into which urea C14 could pass. We reasoned that if this were the cause for increased papillary content of urea C'4 after vasopressin, the concentration of urea in the water of the nonsucrose space a) should not rise further with perfusion periods of longer than 30 minutes and b) should be no greater in the vasopressinexposed than in the saline-exposed papillae.
To evaluate a), 16 groups of ten papillae were studied after 15, 30, 45, or 60 minutes of perfusion as indicated above. These papillae were taken from rats prepared in the usual fashion and nephrectomized 5 minutes after injection with either saline or saline with vasopressin. Perfusion was carried out with either sucrose C14 or urea C14. The data obtained from these studies were prepared for analysis by randomly pairing a ureaperfused papilla with a sucrose-perfused papilla from the same time group and calculating a concentration of urea C14 in the nonsucrose water in the following manner: 1) Isotope space = per cent papillary water containing isotope: [ (counts per minute of isotope in papilla)/ (counts per minute of isotope per microliter perfusate) I/ [microliters of water in papilla after perfusion] x 100; 2) nonsucrose urea = per cent papillary water containing urea but not sucrose: isotope space for ureaisotope space for sucrose; 3) nonsucrose water = per cent papillary water not containing sucrose: 100%o -isotope space for sucrose; 4) concentration of urea in nonsucrose water (as per cent) : 2) . 3) x 100. The results of these calculations are given in Table I and are plotted in Figure 6 . In both groups of papillae the concentration of urea C14 continued to rise significantly after 30 minutes of perfusion, indicating that equilibration of urea in the nonsucrose water had not been achieved.
To evaluate b), the concentration of urea C14 Over-all mean 38.5 i 2.6 47.6 4 2.9 p <0.05 * Each value represents the mean 4 standard error of the number of determinations. The method of calculation of the concentration of urea in the nonsucrose water is given in the text. in the nonsucrose water was calculated by using the data obtained in the initial series of experiments (group I, Table I ). The concentration was higher in the vasopressin-exposed papillae, but the difference failed to achieve an acceptable statistical level (p = 0.20). A similar calculation based on the slopes of the vasopressin-exposed versus the saline-exposed papillae in the time experiments (group II, Table I and Figure  6 ) also failed to show statistical significance (p = 0.09). However, when the data from both series of experiments (groups I and II) were totaled, the concentration of urea C14 in the nonsucrose water of the vasopressin-exposed papillae averaged 47.6 ± 2.9%o, whereas in the saline-exposed papillae it averaged 38.5 ± 2.6%o. This difference was significant (p < 0.05), and it indicated that, in the nonsucrose space of those papillae which had been exposed to vasopressin, the content of urea had increased relatively more than had the content of water. From these observations it was concluded that expansion of the extraluminal water space could not explain the observed effect of vasopressin on the papillary content of urea C14 that was recorded in the initial study.
The third possibility that was considered was that vasopressin had either activated or increased interstitial binding of urea. This possibility was not excluded in the present study. In another vasopressin-sensitive tissue, the urinary bladder of the toad, a vasopressin-responsive binder for urea has been sought but has not been found (17) . Finally, the possibility was considered that vasopressin enhanced the rate of movement of urea molecules through the collecting tubular wall. Such enhancement might result from an increased permeability of the wall to urea, or from an increased driving force for urea movement across the wall in the form of either active transport or solvent drag. An attempt was made to divorce the movement of urea C14 from the movement of water out of the collecting tubular lumen by the substitution of a hypertonic perfusate for the isotonic one used in the initial study. When this was done, exposure to vasopressin no longer produced an increase in the papillary content of either water or urea C14. This observation, together with the fact that both water and urea C14 increased in the nonsucrose space after vasopressin, suggested that solvent drag may have acted as a driving force for urea movement. Although a contribution by active transport to urea movement cannot be rigorously excluded, there is no need to invoke such an explanation to account for the results presented here. The acceptance of solvent drag as one factor that contributed to the movement of urea C14 does not exclude increased collecting tubular permeability to urea as a second contributing factor. On the contrary, if vasopressin enlarges "pores" in the collecting tubular wall, through which water and urea can flow, the ''pores" must become sufficiently large to admit the urea molecule. An increased area for the diffusion of urea would result. Such a relationship between solvent drag and permeability to urea has been shown in the urinary bladder of the toad by Leaf and Hays (18) .
Effect of urea on, the urinary concentrating mechanism. In their report on the ability of urea to enhance water reabsorption in the rat kidney, Crawford and co-workers (9) considered three mechanisms by which urea might act: 1) through an effect on the self-diffusion of water, 2) through anomalous osmosis, and 3) through the active transport of urea by tubular cells. The first two mechanisms, although ingenious, are conjectural. The question of active urea transport by tubular cells in the mammalian kidney has not been answered satisfactorily to date (19) (20) (21) . Whether urea enhances water reabsorption in the kidneys of other mammals as it does in the rat also remains in doubt. Drescher, Barnett, and 1 973 . A,\ vJ Troupkou have pointed out that the data commonly cited from canine and human studies are as yet inadequate to rule out the possibility (22) .
The results of the present study led us to seek a mechanism by which urea, moving passively across the collecting tubular wall in the presence of vasopressin, might enhance water reabsorption from collecting tubular fluid, at least in the rat. We assumed that water reabsorption from the collecting tubule takes place along an osmotic gradient that has been established across the tubular wall by the active transport of sodium into the medullary interstitium, primarily by the cells of the ascending limb of Henle's loop (23) . It seemed reasonable that urea, when present in optimal amounts, might increase this driving force for water reabsorption.
The micropuncture data of Wirz (24), Lassiter, Gottschalk, and Mylle (25) , and Ullrich and associates (23) have indicated the probability of an intramedullary cycle for urea in the antidiuretic rodent kidney. Our interpretation of this cycle is shown in Figure 7 . During antidiuresis water reabsorption from the lower nephron increases the collecting tubular concentration of urea, thereby creating a concentration gradient for urea across the tubular wall. Since the wall is permeable to urea, particularly in the presence of vasopressin, urea leaves the collecting tubule and flows along this gradient through the medullary interstitium into the descending limb of Henle's loop, where micropuncture studies have documented its appearance (25) . Lassiter and associates have obtained evidence which suggests that the descending limb of Henle's loop is relatively permeable, whereas the ascending limb is relatively impermeable to urea (25) . If we assume that this difference in urea permeability is relatively greater than any difference in water permeability between the limbs, urea in the ascending limb can exert an osmotic effect across the walls of the ascending limb to detain water within the limb while sodium is transported out of the limb. This detaining effect of urea on water within the ascending limb would allow a higher concentration of sodium to be achieved in the medullary interstitium, thereby increasing the driving force for water reabsorption from the collecting tubular fluid. Thus the ultimate effect of urea acting osmotically across the wall of the ascending limb of Henle's loop would be an increase in the final concentration of the urine. Possibly reflecting such an action of urea is the recent observation of Manitius, Pigeon, and Epstein that the calculated concentration of sodium and of potassium in the medullary interstitial fluid is higher in protein-fed than in protein-deprived dogs (26) . Substantiation of this hypothesis must await further experimental observations. Summary
Using an in vitro technique of collecting tubular perfusion, we studied the effect of vasopressin on the movement of urea C14 and sucrose C14 out of the rat collecting tubule. Papillae exposed to vasopressin in vivo contained more water and more urea C14 after in vitro perfusion than did paired controls. Similar differences were not obtained when saline without vasopressin, sucrose C14 instead of urea C14, or hypertonic instead of isotonic perfusate was used. We concluded that urea moves more readily across the collecting tubular wall in the presence of vasopressin and that its movement is attributable in part to an increased permeability of the collecting tubular wall to urea and in part to solvent drag from the accompanying movement of water. A postulate is advanced to account for the ability of urea to enhance water reabsorption in the kidney of the rat and perhaps in other mammals.
